Analysis of the codon usage of genes coding for the structural components of the outer membrane in Escherichia coli, is consistent with the requirement for high expression of these genes. Because porins (which constitute the major protein component of the outer membrane), and LPS (which constitute the major outermost constituent of the outer membrane), are synthesized from genes displaying widely different codon usage, it is possible to investigate the origin of the outer membrane. The analysis predicts that the outer membrane might originate from a genome other than the genome coding for the major part of the cell. Such a special origin would explain in structural terms, the likely lethality of porins if they were inadvertently inserted within the inner membrane, giving rise to the Gram-negative bacterial type, having an envelope comprising two membranes, instead of a single cytoplasmic membrane and a murein sacculus.
Introduction
Horizontal DNA transfer is a frequent event in the bacterial world. This event requires the formation of contacts between a recipient cell and other bacteria or viruses, before DNA transfer can occur. Several processes and numerous proteins are required in this process. Surface cell proteins such as those present in fimbriae, flagella or pili are involved either in the process of conjugation or as receptors for bacteriophages. Many of these proteins share similarity with proteins that have been shown to be involved either in the expression of virulence genes or in the export of virulence proteins. 1 In the same way, outer membrane receptors such as the porins and/or associated factors are essential for cell or parasite recognition and/or DNA permeation. To study the influence of these processes on the general structure of the model of eubacteria, Escherichia coli, we have chosen to analyse the structural and phylogenic origin of its outer membrane (OM). This choice was motivated by the observation that, although the OM is involved in the Communicated by Mituru Takanami * To whom correspondence should be addressed. P. G.-J.
Tel. +33-2-99-84-74-53, Fax. +33-2-99-84-71-71, E-mail; guerdoux@irisa.fr, A. D. Tel. +33-1-45-68-84-41, Fax. +33-1-45-68-89-48, E-mail; adanchin@pasteur.fr complex steps of the horizontal transfer of genes, it is a relatively simple structure, made of three major components: proteins (mostly porins), that make up about 50% of the OM mass, phospholipids (PL), that constitute the inner face of the OM, and lipopolysaccharides (LPS), that make the external face of the OM. 2 This relatively simple structure derives mostly from the expression of three categories of genes: the porin genes, and the enzymes that make the PL and LPS. Previous work has well established the major role of porins as parasite receptors and therefore as major actors in the first step of the lateral transfer of genes. For example OmpA is a receptor for T-even phages. 3 It is also well known that porin/LPS interactions are necessary for outer membrane assembly and stability. 4 What are the characteristic features of these genes?
To answer this question and to identify genes that have been involved in lateral transfer, we used a statistical analysis of the codon usage in their coding sequences (CDSs). We used Factorial Correspondence Analysis (FCA) 5 , a method by which distances are used to classify objects without a priori knowledge of the classes. This method has been very efficient in identifying horizontally transferred genes in E. coli. Indeed, analysis of E. coli CDSs revealed that they clustered into three well sepa-[Vol. 4, rated classes. 6 The proof that this partition was significant came from the observation that these three classes of E. coli genes could also be clearly distinguished by their biological properties (see review in 7). Class I contains almost all genes of intermediary metabolism, with the noticeable exception of genes involved in the core of carbon assimilation (glycolysis, TCA cycle and fatty acid synthesis). It also contains genes involved in gene regulation (activators and repressors) and genes responsible for DNA metabolism. Thus, class I comprises those genes that maintain a low or intermediary level of expression, but can be, under certain circumstances, expressed at a very high level (e.g., the lactose operon). In contrast, class II contains genes that are constitutively expressed at a high level during exponential growth, with genes involved in the translation and transcription machinery, as well as in the folding of proteins. 8 ' 9 ' 1011 In class III, most of genes have been shown to be involved in functions required for the horizontal transfer of genes, and some of them (such sfaA, coding for S-fimbrial protein) can be expressed at a very high level. 6 In the present work, FCA provided us with an unusual way to explore the OM origin. We conclude that distribution of the corresponding genes into different classes is consistent with the OM being a mosaic of parts coming from different phylogenic origin, and/or having evolved under strong selective pressure stemming from constant interaction with processes involving horizontal transfert of genes.
Materials and Methods

Factorial Correspondences Analysis (FCA)
Our first aim was to create classes of genes linked by some common property. In the absence of any other knowledge, CDSs can be described by the usage of codons specifiyng each amino acid residue of the polypeptide they encode. Each CDS is represented as a point in a 61-dimensional space, each dimension corresponding to the relative frequency of each of the 61 codons. The set of CDSs is displayed as a clqud of points in the space of codon frequencies. Sequences that have a similar codon usage will appear as neighbors. Using the distances between each pair of sequences, FCA allows calculation of the two-dimensional projection of the cloud of points yielding maximum scattering. 5 ' 11 ' 12 To analyse this graphical representation in terms of individual classes, it can be necessary to use a second method that automatically clusters the objects (here, the CDSs) which are located close to one another. For example, in a first step, one splits the collection of objects into k groups by a dynamic clustering method; then, in a second step, objects which are always clustered together in the course of the different partition processes, are selected as members of a common class. 13 
Escherichia coli sequences
The data used in this work consists of the whole genome sequence of E. coli found at the World Wide Web site http://www.ncbi.nlm.nih.gov (Accession Number U00096). All the coding sequences were extracted from this site, and those which did not contain termination codons were selected for further study. A total of 4,285 sequences were thus retained for FCA. Among these, 1815 are well identified and correspond to genes of known function.
The Metalgen World Wide Web server
To facilitate the study of the relative position of interesting sequences with respect to each other in the FCA space, we have developed a new World Wide Web server named Metalgen (Indigo). This server is currently available as a beta-test version at the URL http://indigo.genetique.uvsq.fr. This software has been developed in Sun Microsystems' Java language (JDK 1.02) and could be used by the majority of the most common browsers (e.g., by Netscape 3.0 from Netscape Corp., or Internet Explorer 3.0 from Microsoft). This server provides a graphical and user friendly interface that allows visualization of the codon usage space computed as described above.
Results
Composition of outer membrane
The OM has two very different faces, with LPS molecules facing outward and PL facing inward. In a 100 nm < patch of outer membrane (1/600 of the total cell surface), about 100 porin molecules span the lipid bilayer and 380 lipoprotein molecules (LP) interact with the layer of peptidoglycan lying below.
14 This corresponds to a 50/50 weight/weight proportion of proteins and structural lipids. 2 The LPS is a unique constituent of Gram-negative bacterial OM. The genes coding for the enzymes catalysing the reactions in the biosynthetic pathway of the inner and outer core of LPS are clustered into two major operons: rfaQ {rfaKZYJIBSPGQ) and rfaD (rfaDFCL) ( Table 1) . Two genes, rfaE and rfaH are also required, but they are not included in these operons (see details on rfa genes organization in 15).
The PL form the membrane matrix. They are also involved in the synthesis of several types of surface molecules. As with LPS biosynthesis, several enzymes and genes are required for PL biosynthesis (cdh, cdsA, pgpA, pgpB, pssA, psd, pgsA).
Porins are considered to be relatively non-specific pores or channels that allow facilitated diffusion of small hy- drophilic molecules across the OM. E. coli contains a limited number of porins falling into two classes: nonspecific porins which form channels that allow passive diffusion of solutes, and substrate-specific porins that act as facilitated diffusion channels for specific substrates. In E. coli, two porins of this latter type have been identified: lamB, which is specific for the permeation of maltose and short maltodextrins, and the nucleoside-specific porin tsx. lamB and tsx are also known to act respectively as the lambda and the T6 bacteriophage receptor. 16 In E. coli there also exists porins displaying a wide variety of substrates: they can be either constitutive (ompC', ompF, ompA) or inducible (phoE). A last porin is found (nmpC), but only in the mutant strain CS348. Names and genetic map positions of genes coding for porins are listed in Table 1 . In addition, we found that a set of three putative adjacent CDSs (ol71, o69 and ol34 between positions 2,032,042 and 2,033,264) in the E. coli released sequence data could correspond, (if appropriate frameshift mutations are introduced in the corresponding genes), to a single CDS bearing strong similarity to porins. We added in our study this putative porin under the name ompU (for Omp Unknown).
Codon usage
The codon utilization of the genes we studied is displayed in Fig. la, Fig. lb, Fig. lc and Table 2 ._ An immediately prominent feature is that the points corresponding to these genes are in most cases located at the borders of the FCA space, far from the bulk of the genes. To verify that this remarkable location is not the result of a bias due to some general property of the products, the length, the Pj and the composition of the proteins encoded by the studied genes were investigated. To access whether one or more of these features could contribute to the extreme bias we observed, we compared them to their counterparts in products of the genes that differed from those included in this study, but were located in the same region (data not shown). No common length, Pi or amino acid composition could be found. This suggests that neither the length, the Pi nor the composition of the products could explain why the genes contributing to the biosynthesis of the OM were present at a singular location as was found in the FCA codon space.
According to their codon usage, the genes involved in LPS biosynthesis are clustered into two different regions ( Fig. la) : rfaD, rfaH, rfaF behave as class I genes and the other rfa genes as class III genes. The genes coding for the phospholipids biosynthetic enzymes form two sets, belonging to class I (pssA, psd, pgsA) or to class III (pgpB, cdsA, cdh, pgpA) (Fig. lc) . 17 The genes coding for porins are relatively clustered in the right side of the FCA codon space, in the class II region (Fig. lb) . A single gene, phoE is not clustered with the others, but it should be noted that, in contrast to the other porin genes, that are more or less consitutively expressed, phoE is described as inducible by phosphate starvation. 18 The lipoprotein is a small protein of 78 residues. This is too small a length to allow reliable codon usage statistical analysis (Cys, Glu, His, Phe, Pro, Trp, Tyr are either zero or a single residue). It is, however, clear that this gene possesses the characteristic features of class II genes (utilization of the sole CTG codon for the 9 Leu residues, of AAC for the 6 Asn residues and of CGT+CGC for its 4 Arg residues).
tRNA usage
The genes in this study show a noteworthy difference in codon utilization. In some cases, this clearly demonstrates that translation of the omp genes does not use the same tRNAs as do the genes required for LPS or PL biosynthesis (Table 3) • For isoleucine, translation of rfa genes rests mainly on tRNA Ile n (29% ATA codons) whereas this tRNA is almost never used by the omp genes (3% ATA codons).
• For arginine, the omp genes exclusively use tRNA Arg n (99% CGT+CGC codons) whereas the rfa genes also use tRNA Arg m (12% CGG codons), and tRNA Ar « IV (22% AGA+AGG codons).
• For glycine, the omp genes almost never use tRNA Gly i and tRNA 0 1^ (5% GGA+GGG codons) whereas these codons are indispensable for translation of the rfa genes (38% GGA+GGG codons). In contrast, there does not seem to exist any evident correlation between the differences observed in codon usage and other isoacceptor tRNAs:
• For phenylalanine, the omp genes use codon TTC in 73% of the cases, while their proportion is reversed in the rfa genes (21% TTC codons). This is difficult to correlate with the presence of two isoacceptor tRNA Phe genes (pheU, pheV).
• A similar observation applies to asparagine codons: the omp genes use the AAT codon in 18% of the cases whereas their proportion is reversed (79%) in the rfa genes. There exists three copies of the corresponding tRNA Asn (AsnT, AsnU, AsnV), but they are identical. • In the same way for aspartate codons, three corresponding copies of the same tRNA (AspT, AspU, AspV) are used differently in both classes of genes (47% GAT codons in the omp genes as compared to 81% in the rfa genes).
• In the case of histidine, there exists only one copy of tRNA Hls . The omp genes nevertheless use codon CAC (65% of histidine codon occurrences), as compared to 19% in the rfa genes.
Discussion
As shown in this work, most of the genes directing the synthesis of components which constitute the OM present a particular codon usage are located at the two extreme borders of the FCA codon space. It has generally been observed that extreme biases in codon usage, such as those seen here, were correlated to the corresponding gene level of expression, the higher the bias, the higher the expression, at least under special growth conditions. 10 Other biases could also influence the relative position of a gene in the cloud of points in the codon space. We therefore investigated other features of the corresponding proteins that could have contributed to this bias, such as their length, isoelectric point, or amino acid composition. We expected that if these features were relevant, other genes having similar biases in the codon space should share similar biases in the corresponding features. Comparison with all the genes that were found next to the genes in this work were therefore studied; they did not reveal any common property. High expression might therefore be the main, if not the only, cause of the biases. This feature can readily be related to the number of molecules found in the cell. OM proteins are known to be present in a large number. Indeed they constitute half of the weight of the OM.
2 Fifty protein types or so are present in the OM, but among those only 4 or 5 make the bulk of the protein content of the OM (porins and lipoprotein). With an average molecular weight of 37 kDa, this means that the total number of each porin is of the order of 10 5 molecules per cell. The lipoprotein is smaller (7.2 kDa), but it is known that it is synthesized at a very high level too (ca, 150,000). This has to be compared to the number of ribosomes present in a cell under exponential growth conditions: 15,000. The PL and LPS are small molecules, synthesized by en-zymes. The LPS represents 3.4% of the total dry weight of the bacteria and there are 1.2 x 10 6 LPS molecules per cell. 16 The LPS molecules are therefore one of the most abundant components in the cell after the proteins. The phospholipid composition of the OM is similar to that of the cytoplasmic membrane. Regulation of its distribution into several components is complex, and this might be revealed by the fact that the corresponding genes are clustered into two groups. A first group (pssA, pgsA, psd) is in class I, on the class II side. The second group (pgpB, cdh, cdsA, pgpA) is in class III, on the border of class I. Three major phospholipid species are present, amounting to about 2 x 10 7 molecules per cell. 19 Twentyfive to thirty-five percent of these molecules are found on the inner side of the OM. This amounts, per cell, to approximately 6 x 10 6 PL molecules in the OM. 19 It is therefore expected, despite the fact that the turnover of enzymes allows synthesis of many more molecules of products than their own number, that the enzymes ncessary for the synthesis of PL and LPS are present at a fairly high level.
High gene expression has been shown to be related to specific tRNA availability, and correlation with high tRNA expression and class II genes is in line with results reported by Kurland and co-workers. 20 > 21 The fact that we also find such a bias in class III genes, corresponding to different tRNAs (in particular tRNA Gly i and tRNA Gly n), would answer the question posed by these authors, who were puzzled by the fact that tRNA Gly n (but also tRNA Arg iv) increased in relative as well as absolute value with increasing growth rates, thus apparently challenging their model, in which they noticed and emphasized the importance of the concentration of tRNAs decoding the genes of the translation machinery. The correlation between expression and tRNA thus accounts for codon bias in several cases. There remains, however, a bias that cannot be explained by the use of tRNAs chosing different codons (Asn, Asp and His). We do not yet have an explanation for this bias.
The first function of porins is to allow metabolite translocation across the OM. They also play a crucial role in cell recognition between host and parasite. Analysis of their codon usage (class II) strongly suggests that porins are encoded by genes native to E. coli. Class II is composed of genes displaying high constitutive expression under exponential growth conditions. They are required for the core of intermediary metabolism (e.g., eno, gapA, pgk, adk, etc.), and for the building up of the translation (e.g., ribosomal proteins) and transcription (e.g., RNA polymerase, general control of DNA structure) machinery. The belonging of porins genes to class II is consistent with their abundance and suggests that porins derive from genes present at the origin of the E. coli species.
This logical argument prompted us to search for paralogs of porins in the E. coli genome. This would allow us to account for their origin, probably after duplication of a common ancestor. We found several CDSs that code for products showing high similarity with the members of the porin family. Some have unknown function (yfib, yiad). Three CDSs (ol71, o69, ol34 ) that lie next to each other on the chromosome code probably for a bona fide OM porin, that has escaped attention because of likely frameshift errors. We named the putative corresponding gene ompU. Being porin-like, this gene would not provide us with additional information about the origin of porins. In contrast, the similarity of the pal gene with ompA (Z-score = 13) might be revealing, pal encodes a function that is clearly distinct from the function of porins; it is a peptidoglycan-associated lipoprotein. Its codon usage is very close to that found for the porins ( fig. la) . The function of this gene product is probably to provide stability to the OM, by linking it to the cell wall (murein). Gram-negative bacteria possess two membranes, but they must have evolved from an ancestor that had only one membrane. The ancestor common to Gram-negative and Gram-positive bacteria, (that possess both a murein and a single inner membrane), must have possessed an inner membrane protein that coupled the membrane to the cell wall. In fact. Gram-positive bacteria such as Bacillus subtilis possess many more proteins having a lipoprotein anchor than E. coli. We speculate that during acquisition of a second membrane (OM) the ancestor of Gram-negative bacteria might have evolved porins by altering the structure of Pal duplicates. It seems important at this point to remark that the origin of porins (both in terms of phylogeny and of biosynthesis) is an important issue, because it has been demonstrated that porins can readily insert in lipid bilayers, 22 thus creating pores that would be lethal for the cell if they were actually synthesized and inserted in the inner membrane of the cell. This indicates both that these protein must have evolved from ancestors that did not have the porin function, and that there is a specific pathway during their extant synthesis that leads them directly to the OM, without leaving them the possibility to be inserted in the IM. We speculate that this might be one of the major functions of the LPS (to target porins to the OM). This would also account for the fact that porins are synthesised at sites similar to the sites of synthesis of the translation machinery (porin genes are class I genes, as are ribosomal protein genes), presumably far from the IM.
An important observation in this respect is that almost all genes coding for the LPS biosynthetic pathways [rfa genes) are members of class III. LPS molecules are essential to constitute a functional OM. Accordingly, the genes needed for their biosynthesis are essential genes. It is therefore noteworthy that, according to their codon utilization (class III), these genes are similar to mobile genes and genes coding for surface components (pili, flag-[Vol. 4. ella, fimbriae, etc.), i.e., genes that are usually dispensible genes. The genes coding for surface cell proteins are under a constant and specific selection pressure that acts to maintain their products in this particular compartment. As a consequence, if the deveopment of an important cellular compartment such as the OM depended on genes that were not present in the native genome, the selection pressure would reflect the specificity of this situation. In particular, in order to explain the surprising codon usage of rfa genes, we must either postulate that this results from the capture, by lateral gene transfer, of a function present elsewhere, followed by specific interaction with products of class II genes (the ancestors of the porins), and/or that, because the OM is such a special compartment (proteins of the OM have to be synthesized in the cytoplasm but have to go to the OM without being able to assemble in the IM) the genes allowing this appropriate targeting (i.e., the genes that make the LPS) will use tRNA molecules of a special compartment of the cell that is also used for the expression of genes involved in horizontal DNA transfer. This would have maintained the special codon usage that is seen in class III.
The situation of phospholipid biosynthetic genes is different, but no less interesting. PL are not exclusively present in the OM, but form the lipid bilayer of the IM. Their synthesis has therefore to reconcile two different processes, paricipating in the function of the IM, and formation of the OM. A first cluster of genes, pssA, pgsA, psd, have gene products that are not only involved in phospholipid biosynthesis, but are also part of protein complexes having in common coupling of secretion and chemotaxis 23^25 perhaps to translation. 26 In the same way, the second cluster of PL biosynthetic genes are associated with some other function; pgpA and papB are dispensable 27 (and this is consistent with their belonging to class III), and cdsA and cdh may be involved in the regulation of the CMP pool that is extremely important for DNA synthesis, via the synthesis of dCDP. 28 A simple scenario could be as follows. The ancestral organism is of the Gram-positive type, and it has an analog of Pal in its IM, necessary for appropriate interaction of the membrane with the murein sacculus. Occasionally, it interacts with other bacteria, and at some point, this type of interaction is taken into account by the genome, through horizontal gene transfer, because this provides the cell with the opportunity to exchange genes with other bacteria and to improve its fitness by displaying an otherwise impossible variety of phenotypes. This process evolves towards a specialized membrane apparatus that allows connection with other bacterial types ("conjugation"), and the corresponding genes are integrated in the chromosome, as is indeed seen in the extant E. coli genome, and in particular in the genome of Hfr strains. Among these genes, some would allow synthesis of LPS molecules, these molecules being part of the "conjugation" system, creating patches at the external surface of the bacteria. Subsequently, it is expected that after duplication of some gene(s), such as the ancestor of the pal genes, proteins coded for by these duplicates might find their path to these LPS patches (for example using them as anchoring devices). Accordingly, these new gene products should have displayed specific interactions with the LPS (thus allowing transport from their site of .synthesis in the cytoplasm to the site of their use, the LPS patches). At some point there would be conflict between the two pathways leading to increased fitness. Increaseing the surface of these patches would be beneficial because this would help conjugation but this would limit metabolic interaction of the cell with its environment for lack of permeability. One would therefore expect that appropriate structures would be evolving, allowing the diffusion of metabolites between the patches and the IM. A further duplication of the pal descent might have been the answer: a true OM could be formed if some of these new gene products constituted channels in the patches, that could then evolve by connecting to each other (by interaction with PLs), without interfering with permeation of nutrients, and therefore consitute a true OM. The selection pressure that maintained the existence of the OM, should then relay the preceding selection pressure, as discussed above.
If this scenario holds true, the OM could be considered as a patchwork of products from different genomes. This would provide us with further evidence indicating that horizontal gene transfer could be an important mechanism in the speciation of Gram-negative bacteria in general, and E. coli in particular.
